Starch is the principal constituent of wheat endosperm and widely affects properties of food products. A granulebound starch synthase (GBSS), known as waxy proteins, is responsible for amylose synthesis in the endosperm. Three loci (wx) encoding the waxy proteins are located on chromosomes 7AS (wx-A1), 4AL (wx-B1) and 7DS (wx-D1) in hexaploid wheat, respectively. An absence of the three waxy proteins produces waxy wheat (amylose-free). Waxy wheats have been developed through a null allele at wx-D1 or mutations at wx-D1 and crossing with a source of the wx-A1 and wx-B1 alleles (Nakamura et al. 1995 , Kiribuchi-Otobe et al. 1997 , Yasui et al. 1997 . Waxy wheat starch has unique pasting and gelatinization properties in comparison with non-waxy wheat (Yasui et al. 1996 , Kiribuchi-Otobe et al. 1997 , Hayakawa et al. 1997 .
Waxy wheat only made poor qualities of bread and noodles (Morita et al. 2002b , Baik and Lee 2003 , Park and Baik 2004b . Blends of waxy and non-waxy wheat result in high loaf volume and less staling of the breadcrumb (Lee et al. 2001 , Morita et al. 2002a and improved texture of noodles (Guo et al. 2003, Baik and Lee 2003) . Blends from 10 to 20% of waxy flour to non-waxy flour were found to improve noodle and bread quality (Yamaguchi et al. 2003) . On the other hand, flour yield, milling score and flour brightness of two waxy wheat varieties were less than those of the nonwaxy wheat Norin 61 (Yamaguchi et al. 2003) .
Near isogenic lines for waxy protein have been investigated for quality differences. Miura et al. (2002) developed NILs carrying null waxy proteins of Chinese Spring and reported on their starch properties. The qualities of waxy wheat starch properties are also important for breeding. We have developed a near isogenic line having the null waxy proteins in a spring wheat cultivar Harunoakebono, which has good bread making quality. Our purpose was to elucidate grain and flour properties of waxy wheat for improving bread quality, and to estimate the bread making quality of a waxy wheat with strong gluten.
Plant materials
Harunoakebono, a spring wheat cultivar with hard grain and good bread-making quality, shows a null allele at wx-B1. It was crossed with MochimorikeiC-D1478 (Hatsumochi), a waxy wheat line derived from a cross between Kanto 107 (wx-A1 and B1 null) and Bai Huo (wx-D1 null). Backcrossed plants with both waxy and non-waxy pollen which were checked by an iodine solution (0.2% KI, 0.04% I 2 , W/V) successively backcrossed five times to the recurrent parent Harunoakebono. A near isogenic line (NIL) having triple null waxy proteins was selected by iodine staining in B 5 F 2 seeds and checked in B 5 F 3 by electrophoresis as described by Nakamura et al. (1993) with modifications (15% SDS polyacrylamide gel with an acrylamide/BIS ratio 30:0.135). The waxy NIL and Harunoakebono were cultivated with three replicates at the HNARC in 2002.
Grain and flour characteristics
The grain characteristics (weight, diameter and hardness) were measured with an SKCS 4100 (Perten Co. Ltd., USA). Water was added to grain samples to 16% moisture basis and were left over night. The samples were milled with Buhler test mill MLU202 (Buhler Inc., Switzerland) at the hard-grain setting and 60% extraction flour was obtained. The ash content of grain and flour were measured by the furnace ash method. Flour protein content was measured with near-infrared spectroscopy using an Inframatic 8120 (PerCon, Germany). Polyphenol content was measured by a Prussian blue assay, for which 0.2 g of four was first mixed with 5 ml of methanol and shaken for 20 min. The solutions were then allowed to stand for one hour and were centrifuged at 2,000 rpm for 5 min at 5°C. The supernatant was mixed with 0.005M K 3 Fe(CN) 6 and 0.4M FeCl 3 in 0.1N HCl and incubated for one hour at 25°C. The absorbance was measured with a spectrophotometer at 710 nm, and the polyphenol content was calculated from a catechin calibration line. Arabinoxylan content was measured by a minor modification of the phloroglucinol method of Henry (1985) . Five mg of flour dispensed in 1 ml of distilled water was mixed with 5 ml of an extract solution of 1 g of phloroglucinol, 5 ml of ethanol, 10 ml of acetic acid, 2 ml of hydrochloric acid, and 1 ml of 1.75% glucose, and heated in boiling water for 30 min. The difference in absorbance at 625 nm and 552 nm was measured after cool-down. Flour color was measured on a slurry of 6 g of flour with 8 ml of distilled water using a Minolta CM-3500d (Minolta Co., Ltd., Japan). The flour color were expressed as L*, a* and b*, which refer to the white-to-black, red-to-green and yellow-to-blue axes, respectively. Flour particle size expressed as median of flour particle size was measured by a laser-diffraction Heros and Rodos particle-size analyzer (Japan Laser Co. Ltd., Japan).
Pasting properties of the starches were determined by a rapid visco-analyzer (RVA). Starch was purified from 30 g of flour by hand washing three times with distilled water and prepared after air-drying at room temperature. An amount of 2.5 g of starch was dispersed into 25 ml of distilled water. The RVA was set at 50°C for 1 min, then heated to 95°C at a rate of 12°C/min temperature increase, and held for 2.5 min; it was then cooled to 50°C at a rate of 12°C/min temperature decrease and held for 3 min.
Physical dough properties were determined using a farinograph (Brabender Inc., Germany) and a 2g-mixograph (National Mfg., USA). Farinograph analyses were performed with 50 g of flour according to AACC method 08-01. A 2g-mixograph was performed by AACC method 54-40A. Water absorption in the mixograph used the water absorption determined by farinograph, because of the high water absorption by waxy wheat.
Baking test
Waxy wheat, Harunoakebono and their blended flours were tested for bread making quality. The waxy wheat was blended with Harunoakebono at 5, 10, 20 and 40 percentages. Water content of flour from Harunoakebono and waxy wheat were determined by water absorption of 500B.U. of farinograph. The water contents of the blended flours were determined by the proportion of waxy wheat and non-waxy wheat. A baking test was performed by the no-time method (Takata et al. 2000) , 200 g of flour, 10 g of sugar, 10 g of shortening, 4 g of salt, 4 g of yeast, and 100 ppm of ascorbic acid were used for this test. Dough was divided into three 100 g of dough pieces and two 20 g of dough pieces. Each 100 g of dough was panned and proofed at 38°C for 70 min; then, the dough pieces were baked at 200°C for 25 min. CO 2 production from 20 g of dough was checked by the fermograph II (ATTO Co., Tokyo) at 30°C for 300 min. Loaf volume was measured at an hour after baking. All flour samples were duplicated the baking, then six loaves were obtained from the waxy NIL, Harunoakebono and the blended flours, respectively. Each loaf was then sealed in a plastic bag and stored at 20°C, RH70% for one, two and three days. Two loaves were used the compressing test each day. The loaves were sliced with a thickness of 2 cm, and the center of the slice was cut into a square (3 cm × 3 cm). Crumb firmness was measured six slices by compressing a crumb of 2 cm thickness to 1 cm with a Rheoner model RE33005 (Yamauchi et al. 1999) .
Estimation of grain and flour characteristics
There were no significant differences in content of grain ash, grain hardness, grain weight and grain diameter between the NIL (waxy wheat) and Harunoakebono (Table  1) . Their grain hardness proved the grains to be hard. Therefore, they were milled at a hard-grain setting. The milling and flour characteristics are shown in Table 2 . Flour yield and milling score of the waxy NIL were significantly lower than those of Harunoakebono. Yasui et al. (1999) and Graybosch et al. (2003) reported that the flour yield of waxy wheat was lower than that of non-waxy wheat. Yasui et al. (1999) suggested that the beta-glucan and fat increase in waxy wheat influenced the flour yield. Kato et al. (1997) reported varieties having a low flour yield had a high arabinoxylan content in their flours. The arabinoxylan content of the NIL was higher than that of Harunoakebono. It was considered that the high arabinoxylan content of the waxy wheat caused the low flour yield. Kiribuchi-Otobe et al. (2002) suggested that the flour yield of waxy wheat could be improved by lowering the arabinoxylan content. However, it will be difficult to improve the flour yield of waxy wheat.
In this study, we milled the waxy wheat at a hard-grain setting based on the grain hardness. Both the NIL and Harunoakebono showed near the median flour particle size, and the distribution plot of flour particles showed the flours to be from hard grain. Bettge et al. (2000) reported that waxy starch granules were more damaged in milling than normal starch because of the greater susceptibility to mechanical damage of the waxy starch. Waxy starch is considered a new quality trait in bread wheat. Therefore it is necessary to optimize the milling for waxy wheat in practice. Brightness of flour from the NIL was lower than that of Harunoakebono, which showed low L*. As protein content increases, the brightness of flour generally becomes lower. However, there was no significant difference in protein content between the waxy NIL and Harunoakebono. The difference of flour color between the waxy NIL and Harunoakebono was not affected by the protein content. Flour ash content of the waxy NIL was significantly higher than that of Harunoakebono; similar results were reported by Morita et al. (2002b) and Graybosch et al. (2003) . The flour ash content is known to influence the brightness of flour. Polyphenol content was significantly higher for the NIL. Relationships were observed between the polyphenol content and the brightness of flour (Yoshikawa et al. 2001 , Takata et al. 2002 . The high ash content and high polyphenol content of the NIL were related to the brightness of flour. The a* and b* of the NIL were significantly different from Harunoakebono.
The reason for low a* and high b* in the waxy NIL was not clear.
Starch viscosity from RVA was definitely different between NIL and Harunoakebono (Table 3) . Starch of NIL showed higher peak viscosity and much lower peak temperature than that of Harunoakebono. Breakdown was higher, and set back was lower for NIL. Kiribuchi-Otobe et al. (1997) and Miura et al. (2002) was reported the peak viscosity of waxy starch was higher than that of non waxy starch. Graybosch et al. (2003) reported that there was no difference between waxy and non-waxy starch. Hayakawa et al. (1997) reported that the waxy starch had lower peak viscosity than the nonwaxy starch. The results suggest that the peak viscosity is affected by environment and genetic background. The peak temperature, breakdown and setback were stable properties in all tests.
The physical dough properties resulting from farinograph and mixograph are presented in Table 4 . Farinograph water absorption was significantly higher for the waxy NIL as the results of Guo et al. (2003) . Since the water absorption was considerably high, it was quite different from the water absorption formula of mixograph. The water absorption of mixograph was used the farinograph water absorption. The waxy starch granules were more damaged than the non- waxy starch granules (Bettge et al. 2000) . Guo et al. (2003) reported that the damaged starch of waxy wheat content was higher than that of non-waxy wheat. However, Park and Baik (2004a) reported that the damaged starch content did not differ between waxy wheat and non-waxy wheat, and suggested differences in milling condition and the assay for damaged starch. The damaged starch granules have a high water absorption. The high water absorption could be ascribed to the damaged starch granules of waxy wheat. Park and Baik (2004a) suggested that high flour water absorption of waxy wheat could be due to other starch properties than the damaged starch. In addition, the arabinoxylan content also influenced water absorption (Kim and D'Appolonia 1977, Michniewicz et al. 1991) . It also influenced the water absorption of the waxy wheat flour. There were no significant differences in development time and farinograph stability in agreement with Morita et al. (2002b) , except for the greater weakness of the waxy wheat. There were no significant differences in mixograph mixing time and peak height. The NIL showed strong dough properties like that of Harunoakebono. It was suggested that introducing strong gluten improved the physical properties of waxy wheat. Peak bandwidth and envelope area of the mixograph were significantly smaller for the NIL. The water absorption affected parameters, such as the peak band width, envelope area of mixograph and the weakness of the farinograph. This should be kept in mind for the uses of waxy wheat in food processing.
Baking test of blended flour
The results of baking tests are shown in Figures 1 and 2 . Mixing peak time of the NIL (100% waxy wheat) was 30 seconds shorter than that of Harunoakebono. The bread dough of the NIL was slightly stickier than that of Harunoakebono. This, however, did not affect the handling of the dough. The mixing time generally lengthens as the amount of water increases in the same variety. This baking test of the waxy wheat blend indicated that the mixing peak time was shortened by more than 20% of the waxy wheat blend. The reason seemed to be the interaction between waxy wheat flour and ingredients of the baking formula, because the mixograph mixing peak time of the NIL flour was not different from that for Harunoakebono. CO 2 production from the doughs of waxy wheat blends was higher than that for Harunoakebono doughs. Lee et al. (2001) reported higher gas formation for doughs made from blend of reconstituted waxy wheat. The CO 2 production from the 40% waxy wheat The values express means ± standard deviations. The values in parentheses indicate ranges. * and ** indicate significant difference at 5% and 1% levels, respectively, by t-test. Fig. 1 . Changes of mixing peak time, specific loaf volume and CO 2 production of dough of waxy wheat blends to Harunoakebono. mixing peak time, specific loaf volume, CO 2 production. Bars indicate the standard deviation.
blend and the waxy NIL was higher than that of the others. High proportion of amylopectin in waxy flour blends provided fermentable sugars increased gas formation of dough (Lee et al. 2001) , and besides higher damaged starch granules for waxy wheat were assumed to be the reason for high CO 2 production.
The specific loaf volume of the NIL was less than that of Harunoakebono; however, the CO 2 production of the former was higher than that of the latter. The loaf of the NIL shrank during storage because of the large gas cells (Fig. 2) . Specific loaf volume was not different among waxy wheat blends and Harunoakebono, except for the 40% waxy wheat blend, whose specific loaf volume was slightly higher than that of the others. Our result that the loaf volumes of waxy wheat blend were equal to those of non-waxy wheat differs from the results of Lee et al. (2001) and Morita et al. (2002a) . However, the wheat materials and baking method differed from each other. Both CO 2 production and dough strength support the baking results in this experiment. The loaf and crumb color of the NIL were much darker than those of Harunoakebono and the waxy wheat blends. The loaf and crumb color of the 40% waxy wheat blend were darker than those of the other waxy wheat blends.
Crumb firmness of waxy wheat blends was less than that of Harunoakebono after one day of storage (Fig. 3) . However, except for the 40% waxy wheat blend, the crumb firmness of waxy wheat blends was equal to that of Harunoakebono at two days of storage. The crumb firmness of the 40% waxy wheat blend at two days of storage was nearly equal to that after a day of storage. The crumb firmness of the 40% waxy wheat blend rose quickly at three days of storage; however, it was less than the others. A 20% waxy wheat blend gave a soft crumb after storage, as in other reports (Lee et al. 2001 , Morita et al. 2002a . However, the blends with less than 20% of waxy wheat had only a small effect on crumb firmness at two days of storage. The null wx-B1 of Harunoakebono may be related to the staleness of crumb, because of the null wx-B1 influence on the viscosity of starch and elasticity of noodles. It is necessary to research the bread staleness of waxy wheat blend in the round.
The waxy NIL was lower flour yield and milling score compared with non-waxy wheat. Flour ash and polyphenol content of the NIL was higher than those of non-waxy wheat. Farinograph water absorption was considerable higher for the NIL. Physical dough properties, such as farinograph development time and mixograph mixing time, of the NIL were comparable with non-waxy wheat. The peak band width, envelope area of mixograph and farinograph weakness indicated weaker gluten properties for the NIL because of high flour water absorption. Use of the near isogenic line made it clear that it will be difficult to improve some quality characteristics in waxy wheat. Blends of waxy flour to nonwaxy flour were influence to end products because of low amylase content, low brightness of flour and high flour water absorption. While 5 to 20% of waxy flour blends were small effects on crumb firmness, the bread of the 40% waxy flour blend was softer crumb than that of non-waxy flour for three days of storage. Waxy wheat with strong gluten, as in this study, also will contribute favorably for the using waxy wheat in food processing.
